[1] A review of the spectral characteristics of radar aurora with a focus on the behavior over a wide range of frequencies gives a different perspective on several issues concerning auroral backscatter. Some of the conclusions from this study are as follows:
Introduction
[2] The study of radio aurora is now over five decades old, and yet there remain many fundamental aspects of the phenomenon which are still not well understood. Some of these questions may be clarified by looking at echo characteristics over a wide range of frequencies. However, to date there have been only a few multifrequency studies of radar aurora over the years [e.g., Leadabrand et al., 1965 Leadabrand et al., , 1967 Moorcroft, 1987; Eglitis et al., 1995] , and those have focused on particular data sets or on particular aspects of radar aurora.
[3] In this paper I review what we know about the spectral characteristics of radar aurora, focussing particularly on the variation of those characteristics with frequency. Other recent reviews provide additional background and details on backscatter from the auroral E region [Haldoupis, 1989; Sahr and Farley, 1996] . There is now available in the literature a wealth of observations obtained with a variety of instruments at many different locations and over a wide range of frequencies from 10 MHz to over 1000 MHz. Comparison of the spectral characteristics over this broad frequency range provides a different, and sometimes new, perspective on radar aurora, and highlights a number of questions about the nature of auroral backscatter which have not often been addressed in the past.
Experimental Results
[4] Figure 1 provides a succinct summary of the spectral characteristics of radar aurora as determined by several decades of observations. There are, of course, many subtleties to the observations which cannot be represented in a single figure like this, as well as ambiguities and confusions between different observations which may arise from limited data sets, instrumental effects (spatial and temporal averaging, spectral windowing), and the like. Thus, the curves indicating the extent of occurrence of each echo type are schematic, representing my best effort to indicate their average behavior.
[5] The ion-acoustic speed, C s is an important parameter in theories of electrostatic plasma waves, and widely used in the categorization of radar auroral echo types. For many years it has been common to assume that both electrons and ions are isothermal, in which case C s = [k(T e + T i )/m i ] 1/2 , where T e and T i are the ion and electron temperatures, k is Boltzmann's constant, and m i is the mean ion mass. There has been considerable discussion in the literature as to whether electrons should be treated as isothermal or adiabatic [e.g., Farley and Providakes, 1989; Stubbe, 1989; Haldoupis and Schlegel, 1990; Kissack et al., 1995] . When all is said and done, it appears that the isothermal approximation is good under most circumstances [Kissack et al., 1997] . In Figure 1 all quantities are expressed in terms of a nominal value for C s which is taken to be C s = C s0 = 400 m/s. It corresponds to relatively undisturbed values of temperature and mean ion mass.
[6] Figures 1a, 1b, and 1c show the relationships between spectral width and mean phase speed, the first two moments of the spectrum. As a practical matter, rather than measuring the second moment, it is often more convenient and less uncertain to give the spectral width as the full width of the spectrum at half its maximum power (FWHM). These two measures of spectral width may differ by as much as a factor of two; as far as possible I have expressed spectral width as FWHM in these figures. Although the third spectral moment (skewness) has been measured in many experiments, it will not be discussed in this review, since it does not help to differentiate echo types (most echo types seem to be skewed in the same way) nor does it help to understand their origin (as yet there is no theory with which to compare observations).
[7] The drift of the electrons in the auroral E region, V d = E Â B, is an important source of free energy for plasma instabilities, so it is not surprising that V d and the angle it makes with the wave vector k (the flow angle) are important parameters in identifying echo characteristics. Echoes seem to fall into two classes: (1) those with a phase speed more or less constant and possibly independent of flow angle over some, possibly quite limited, range of flow angle, and (2) those which are approximately proportional to the line-ofsight component of the E Â B drift. Most of this behavior is represented in Figures 1d, 1e , and 1f, which show the relation between the mean phase speed and the line-of-sight component of the
Here and throughout this paper we have ignored the effects of ion drift and neutral winds, a simplification which at times may be unwarranted, but which does not significantly affect the general arguments being made in this paper.
[8] An important feature of radar aurora is that most echoes are observed only when the line of sight of the radar makes an angle with the plane perpendicular to the Earth's magnetic field (the magnetic aspect angle) which is no more than 1°to 1.5°. Although echoes are observed at larger aspect angles, the power is very greatly reduced, typically by about 10 dB per degree. All but one of the echo types in Figure 1 correspond to small aspect angles, less than 1.5°. The echo type ''Large aspect angle'' used in the figure figure) and for each of the three frequency ranges, HF, VHF and UHF, this figure shows the relation between spectral width and mean phase speed (panels a, b, and c), and the relation between the line-of-sight component of the E Â B drift and the mean phase speed (panels d, e, and f ). For type 1 echoes only, the ordinate in panels d, e, and f is |V d | rather than k Á V d . The spectral width and mean phase speed are both given in units of a nominal value for the ion-acoustic speed C s0 = 400 m/s. The curves indicate approximately the extent of occurrence of each echo type. Often the exact range and behavior is uncertain, and to some extent this has been indicated by dashed lines. When echo ranges overlap, dotted lines are used for clarity. Light dashed lines indicate values of C s0 , 2C s0 and the diagonal corresponding to
refers to echoes at magnetic aspect angles greater than 3°. In the remainder of this section I consider in turn each echo type listed at the top of Figure 1 .
Type 1 or Ion-Acoustic Echoes
[9] Type 1 echoes are characterized by relatively narrow spectra with a Doppler speed close to C s , and so are also known as ion-acoustic echoes. In Figures 1d -1f these echoes are plotted against |V d | to better represent the increased phase velocities which occur for large |V d | because of corresponding increases in electron temperature [Schlegel and St.-Maurice, 1981] and hence in C s . Type 1 echoes have been seen with virtually every auroral radar that observes at small magnetic aspect angles and at all frequencies from 10 MHz to 1295 MHz [e.g., Milan et al., 1997; Haldoupis, 1989; Hall and Moorcroft, 1988; McCrea et al., 1991; Abel and Newell, 1969] . The widths of these spectra are variable, but tend to increase with frequency, from around 100 m/s at HF to 250 or 300 m/s at UHF, although at 50 MHz echoes with widths as large as 700 m/s have been identified as ''broad type 1'' [Prikryl et al., 1995] . These ion-acoustic echoes are thought to originate from the Farley-Buneman (modified two-stream) instability [Farley, 1963; Buneman, 1963] , the ion-acoustic Doppler shift corresponding to the threshold phase velocity of the instability as calculated using linear theory. The general reasoning behind this is that each wave will grow until its growth is stopped, either by convecting to stable conditions, or by the action of some nonlinear process, so that the maximum amplitude is reached when the growth rate is zero, i.e., when the wave is at threshold conditions. The way this works for nonlinear processes has been developed in detail by Hamza and St.-Maurice [1993a] . Depending on conditions, the theoretical threshold phase velocity may differ somewhat from C s , due to collisional effects, kinetic theory corrections, neutral wind motions, etc. Experimental observations of type 1 Doppler shifts are likewise expected to show a measure of deviation from C s due to these effects, although in most studies it has not been possible to unambiguously identify the presence of these contributions in experimental Doppler observations.
Type 2 or Convection Speed Echoes (HF and VHF)
[10] Type 2 echoes were first identified at VHF in the equatorial electrojet [Cohen and Bowles, 1967; Balsley, 1969] , and subsequently in the auroral zone [Balsley and Ecklund, 1972] . In that frequency range these echoes are usually defined as having broad spectra and mean Doppler speeds less than C s ; how broad and how far below C s varies considerably from study to study. From a practical point of view, the most important feature of these echoes is that they have what we will call the ''convection speed property'': the mean phase speed is very nearly equal to k Á V d [e.g., Kofman and Nielsen, 1990] ; for example, this property has been used to infer the electric field from observations of E region auroral backscatter [e.g., Nielsen and Schlegel, 1983, 1985] . Echoes with the convection speed property are also observed at HF [Balsley and Farley, 1971; Villain et al., 1987; Jayachandran et al., 2000] . However, the HF spectral widths are significantly narrower than those at VHF. Because of this common property, it seems appropriate to collectively call these ''convection speed echoes.''
[11] These relatively common echoes are usually assumed to be secondary instabilities, the result of a turbulent cascade from shorter wavelengths through mode-coupling [Sudan, 1983; St.-Maurice, 1993a, 1993b] . The convection speed property is not well understood theoretically, the main support coming from numerical simulations [e.g., Keskinen et al., 1979] . Few, if any, echoes of this type are found at UHF.
Type 3 Echoes (VHF Only)
[12] Relatively uncommon, type 3 echoes are generally quite strong, with narrow spectra having phase velocities around 0.5C s [e.g., Fejer et al., 1984] . Although evidence is slight, they appear to be independent of flow angle and to occur at small flow angles where the line-of-sight convection speed exceeds C s [Haldoupis et al., 1992] . A recent review of this exclusively VHF echo type has been given by Haldoupis et al. [1995b] . In contrast to type 1 and type 2 echoes, these are relatively uncommon. One of the problems with this echo type is that most of the published observations have been made at geometrically large magnetic aspect angles; as a consequence, some ''type 3'' echoes (along with their characteristics) may actually be what I call ''conventional'' large aspect angle echoes (see section 2.6) . Various ideas have been considered for type 3 echoes over the years, but there is still no generally agreed-upon theory for these echoes. Proposals still current include those based on gradient drift effects lowering the phase velocity of type 1 echoes [St.-Maurice et al., 1994; Haldoupis et al., 1995b] and three-wave coupling processes [Sahr and Farley, 1995] .
Type 4 Echoes (VHF Only)
[13] Type 4 echoes are like type 1, with narrow spectra at an apparently fixed Doppler shift, but at a velocity of 2C s0 (or more), rather than C s0 . They are rare, and most such echoes have been observed at VHF [e.g., Fejer et al., 1986; Haldoupis et al., 1993] . There is no evidence of type 4 either at HF or at UHF. A recent extensive study at HF [Milan and Lester, 2001] found high speed echoes, but none with characteristics typical of type 4 echoes.
[14] Several possible mechanisms have been proposed for type 4 echoes: (1) They are essentially type 1 echoes but C s is increased by very high electron temperatures [Fejer et al., 1986] ; (2) these echoes come from a high electric field region where the threshold has been raised by unfavorable density gradients [St.-Maurice et al., 1994] ; (3) the same as (1) except that the echoes tend to be localized in a particular speed range by effects of thermal feedback [St.-Maurice and Kissack, 2000] . A fourth suggestion is based on a proposed resonant coupling mechanism [Haldoupis et al., 1991] .
[15] At UHF, although high velocity echoes are observed, there is no evidence of a separate type 4 class of high speed echoes [e.g., Hall and Moorcroft, 1988; Foster and Erickson, 2000] ; rather, there is a continuous and smooth decrease in numbers of spectra out to velocities of 800-1000 m/s just as might be expected from increased values of C s from electron heating events (mechanism 1) which should be increasingly rare, the greater the amount of heating.
UHF Echoes
[16] At small aspect angle there seems to be just one UHF echo type at phase speeds below C s which merges into a type 1 echo for higher phase speeds [e.g., Moorcroft, 1996b] . These sub-C s UHF echoes are similar to convection speed echoes at lower frequencies, except that the phase speed, while seemingly proportional to the line-of-sight component of the E Â B drift [Tsunoda, 1976; del Pozo et al., 1993; Hall and Moorcroft, 1988] , has a constant of proportionality, a, which is usually greater than 1.0 [Hall and Moorcroft, 1988 ]. This conclusion is based on apparent electric fields determined from azimuth scans, assuming that a = 1.0; the resulting fields (average of 79 mV/m in the 398 MHz study of Hall and Moorcroft [1988] ) are much larger than actually observed [e.g., Gjerloev and Hoffman, 2001] . A similar analysis of eight azimuth scans made at 1295 MHz [Abel and Newell, 1969] yields an average apparent electric field of 180 mV/m, suggesting that a increases with increasing frequency at UHF.
[17] These echoes are likely generated in the same way as convection speed echoes, via a mode-coupling cascade from unstable modes. In all UHF experiments where the electric field could be measured, it has exceeded the Farley-Buneman threshold for instability whenever echoes of any kind were observed. Because of that, it is likely that these small speed UHF echoes originate via mode-coupling from Farley-Buneman instabilities at somewhat larger wavelengths, since those unstable Farley-Buneman modes need to get rid of their energy through a cascade to other wavelengths and flow angles. This is, though, speculation, as no study on this point has been carried out.
Large Aspect Angle Echoes
[18] Although linear instability theory predicts that no backscatter should occur at magnetic aspect angles greater than about 1.5°, echoes are routinely observed up to aspect angles as large as 12°or 13° [Moorcroft, 1996a] . However, the backscatter power falls off very rapidly with increasing aspect angle; a typical and commonly quoted value is 10 dB/deg. Here, by large aspect angles I mean aspect angles greater than 3°. The plasma waves responsible for these echoes are thought to arise from nonlinear mode coupling with the unstable waves at small aspect angle, although the details remain unclear. It is almost certain that plasma waves at large aspect angles exist for all the wavelength ranges being considered here, but so far it has been possible to observe large aspect angle echoes only at VHF and UHF. At HF the amount of refraction is so great that with present experimental techniques it is impossible to detect the much weaker large aspect angle echoes in the presence of simultaneous small aspect angle returns.
[19] At UHF the spectra are found to be relatively wide and with Doppler speeds which may range from zero to as high as 1.5C s0 . The Doppler shift has been found to be proportional to the line-of-sight component of the E Â B drift, with a proportionality constant of a % 0.5, apparently independent of the aspect angle, for angles greater than about 3° [Schlegel and Moorcroft, 1989; Foster et al., 1992b] .
[20] At VHF the situation is complicated by the effects of refraction, as discussed in the next section. However, in one 50 MHz study considerable care was taken to account for those effects, and, using a somewhat indirect line of reasoning, the Doppler shift at large aspect angle was found to be approximately one-half the line-of-sight component of the E Â B drift [Hall and Moorcroft, 1992] , the same relationship as was found at UHF. Thus, it appears that at least some of the large aspect angle echoes at 50 MHz are similar to those observed at higher frequencies. For the purpose of the discussion in the next section I will term these echoes ''conventional'' large aspect angle echoes, to differentiate them from other VHF echoes, observed at large geometrical magnetic aspect angle, which have characteristics similar to echoes at small magnetic aspect angle.
Large Aspect Angle Echoes at VHF
[21] At VHF, virtually all the large aspect angle observations have been made near 50 MHz by the group at the University of Saskatchewan; radars at other VHF frequencies (for example, STARE at 140 MHz [Nielsen, 1988] , and Essoyla at 93 MHz [Uspensky and Williams, 1988] have operated with geometries close to zero aspect angle. In the 50 MHz frequency range a wide variety of echoes has been observed at large geometric magnetic aspect angles. On the basis of the spectral width and Doppler velocity, echoes described as type 1, type 2, type 3 and type 4 have been identified [e.g., Prikryl et al., 1995; Kustov et al., 1995] .
[22] The question I wish to consider here is: are there any large aspect angle observations at VHF whose characteristics are inconsistent with ''conventional'' large aspect angle echoes? Because of the effects of ionospheric refraction and reflection, some apparently large aspect angle VHF observations likely correspond to small aspect angle conditions. This is particularly true for echoes from moderate geometric aspect angles [Uspensky and Williams, 1988; Moorcroft, 1989] , so I will confine myself to consideration of VHF observations from what I will call ''very large aspect angles'' of 9°or more. The choice of 9°is arbitrary but convenient; there are a good number of observations at those very large aspect angles, and modeling indicates that refraction would normally not be sufficient to account for such large geometric aspect angles [Moorcroft, 1989; Watermann, 1990] . Many of those observations include relatively narrow spectra which may well be ''conventional'' large aspect angle echoes, even though they have been interpreted as ''type 1,'' ''type 3'' or ''type 4'' echoes) [e.g., Prikryl et al., 1995; Kustov et al., 1996] .
[23] However, there remain two groups of ''very large aspect angle'' echoes which require further consideration. Clear examples of narrow spectra with Doppler velocities which remain at or close to the ion-acoustic speed for as long as an hour have been reported in both the auroral zone [Haldoupis et al., 1986] and in or near the polar cap [Sofko et al., 1987] ; aside from the aspect angle, these echoes have characteristics identical to type 1 small aspect angle echoes. Good examples of broad spectra (1.5 -3C s ) which are quite unlike ''conventional'' large aspect angle echoes but are similar to small aspect angle type 2 echoes have also been reported both in the auroral zone [Kustov et al., 1995] and in or near the polar cap [Kustov et al., , 1996 .
[24] Although definitive evidence is not presently available, I believe, on the basis of two lines of argument, that for both of these groups of echoes it is most likely that they arise from small aspect angle backscatter. In the first place, it would seem to be very unlikely that large aspect angle echoes would have the same characteristics as echoes at small aspect angles, given that the physical processes involved in the creation of large aspect angle structures must be quite different from those at small aspect angles. For example, how could the essentially unmagnetized conditions at large aspect angle give rise to ion-acoustic echoes [Haldoupis et al., 1986; Sofko et al., 1987] , which in theoretical terms arise at small aspect angles because of the magnetization of the electrons?
[25] The second argument is based on evidence that sporadic E layers may be able to refract or reflect 50 MHz waves to small aspect angle, even for the very large geometric aspect angles in these observations. Reflection from sporadic E ionization has already been proposed as a possible explanation of very large aspect angle observations made in the polar cap and high auroral zone during the International Geophysical Year [McDiarmid and McNamara, 1967] . McDiarmid et al. [1990] note that during one particular backscatter event a sporadic E layer was observed with a maximum critical frequency (foEs) of between 14 and 17 MHz, much greater than the maximum frequency for blanketing sporadic E, which was about 4 MHz or less. The tentative interpretation of those observations was that small clouds of very high electron density were embedded in a sporadic E layer of lower density. Such large sporadic E densities are not rare in the polar cap and auroral zones. Above, I cited five experiments in which the ion-acoustic and broad echo types were seen; for two of those experiments ionosonde observations were also reported [Sofko et al., 1987; Kustov et al., 1994] . In both cases sporadic E was present, in one case [Sofko et al., 1987] extending up to an foEs of 10 MHz (no value for foEs was reported for the other experiment). J. MacDougall (private communication, July 2000), who operates a number of Canadian Advanced Digital Ionosondes (CADIs) throughout the auroral and polar cap regions, reports that sporadic E events with foEs between 9 and 15 MHz are often observed in the polar cap, and somewhat lower values (extending up to 12 or 13 MHz) are observed in the auroral zone.
[26] The detailed behavior of refraction and reflection from small clouds of ionization is complicated [Watermann, 1990] , but for present purposes a simple application of Snell's law is adequate to show that a sporadic E layer with foEs between 9 and 12 MHz would likely provide sufficient refraction and/or reflection to allow the observations under consideration to be attributed to small aspect angle backscatter. The suggestion that some of these observations by the Saskatoon group actually come from small aspect angles has been made before Haldoupis et al., 1995a] .
[27] Unfortunately, this issue cannot be considered closed as there is as yet insufficient evidence to definitively support or refute the hypothesis regarding the importance of E s . Nevertheless, everything considered, my conclusion is that in all likelihood the only genuine large aspect angle echoes at VHF are ''conventional,'' having characteristics similar to those observed at UHF.
Comparison of Radar Aurora at Different Frequencies
[28] The comparison of observations made in different frequency ranges raises a number of interesting questions or issues. One striking feature of these spectral characteristics is the large number of ways in which echoes at VHF differ from those at HF and/or UHF. Table 1 enumerates a number of points which arise by comparing the nature of echoes in different frequency ranges. The first column gives the echo type or property under consideration, the next three indicate the issue for consideration, and the last column gives brief comments which are elaborated on below.
Ion-Acoustic Echoes are Seen at HF
[29] On the face of it, the observation of ion-acoustic echoes at HF [e.g., Hanuise et al., 1991; Milan et al., 1997] does not appear surprising, since these echoes are also seen at all other frequencies. In the usual interpretation, these echoes arise from the Farley-Buneman instability, the Doppler velocity of approximately C s being the phase velocity at threshold conditions (see section 2.1). But at HF the threshold phase velocity can be significantly altered by the presence of gradients [e.g., Farley and Fejer, 1975] . A statistical study of observations from the SHERPA HF radar Hanuise et al. [1991] found that the effects of gradients were small, and the statistical distribution of the type 1 velocities agreed with theory.
[30] However, a recent study of type-1 echoes made with the Iceland East SuperDARN radar [Lacroix and Moorcroft, 2001] came to a somewhat different conclusion. The geometry for those observations was such that the radar beam direction was close to magnetic east, along the flow direction. That geometry is the most favorable for effects from both horizontal and vertical gradients, and estimates of the threshold phase velocities based on conventional theory [Farley and Fejer, 1975] for those conditions resulted in deviations from C s much greater than actually observed. The observation of ion-acoustic echoes in these Super-DARN experiments thus implies that at times the Doppler velocity is no longer equal to the threshold phase velocity of the instability. This result is not necessarily in conflict with previous observations. Not only were the conditions such as to maximize the effect of gradients, but the study concentrated on echoes for which the electric field, while not directly measured, was nevertheless almost certainly sufficiently large to generate two-stream instabilities even in the absence of favorable density gradients.
[31] Some new theoretical idea is required to explain this observation. One possibility, suggested by Lacroix and Moorcroft [2001] , is based on the new ''blob'' approach to the nonlinear theory of E region plasma structures by St.-Maurice and Hamza [2001] . This theory predicts that if the electric field is sufficiently strong to maintain an instability in the absence of a gradient, then once it has grown to a sufficiently large amplitude the effects of the gradient will become negligible, and the instability will have a velocity close to the ion-acoustic speed.
Spectral Widths at HF and VHF
[32] Both ion-acoustic echoes and convection speed echoes are narrower at HF than at VHF. Eglitis et al. [1995] have speculated that the narrower HF spectra are a consequence of differences in spectral shape; they suggested that HF spectra are often more Lorentzian in shape, while spectra at VHF and UHF are essentially Gaussian. At HF, Hanuise et al. [1993] found that experimental autocorrelation functions (ACFs) were often best fit by a shape intermediate between Gaussian and Lorentzian. Until recently there were no spectral or ACF shape studies at VHF or UHF, but Jackel [2000] made such a study at UHF and at both 440 and 933 MHz found an intermediate spectral shape similar to that found by Hanuise et al. [1993] at HF. Moorcroft and Nielsen (work in progress, 2001 ) have obtained a similar result at 140 MHz. Thus, it appears that the spectral shapes at HF, VHF and UHF are similar, and are not related to differences in spectral widths. An alternate explanation would be that instability lifetimes are longer at HF wavelengths, a consequence of smaller growth rates and/or smaller energy loss rates.
[33] The results on ACF shapes which were just mentioned may have other implications. Hanuise et al. [1991] and Villain et al. [1996] have suggested that the shape of the ACF depends on the relation between the plasma wavelength being sampled and the correlation length (turbulence scale) of the plasma; on the basis of this work, a spectral shape intermediate between Gaussian and Lorentzian implies that the plasma wavelength is comparable with the scale of the plasma turbulence. But if that is true, how is one to interpret the observation that intermediate shapes are commonly observed on frequencies of 10, 140, 440, and 933 MHz? The implication is that in order to account for the same ACF/spectral shape being observed over nearly two decades of wavelength some new theoretical explanation is required.
Very Broad Echoes Seen Only at VHF
[34] Type 2 echoes at VHF are broader than any other small aspect angle echo in any other frequency range. What is it about VHF wavelengths that lead to a class of echoes so much broader than in either higher or lower frequency ranges? Does it reflect a wavelength dependence of instability lifetimes? This issue is clouded by the fact that most of the reports of type 2 spectra from high latitudes have been made at geometrically large aspect angles; the vast majority of published spectral widths of type 2 echoes are in a single paper [Watermann et al., 1989] . Although there are a few small aspect angle studies of type 2 spectra at high latitudes, the most extensive such studies have been made at the equator. This raises the possibility that some of these very broad spectra arise from some observational effect, either associated with refraction or with the relatively large scattering volumes of those large aspect angle, bistatic experiments. Nevertheless, individual small aspect angle observations at both 50 and 140 MHz also show these large spectral widths [e.g., Sahr and Farley, 1996; Nielsen et al., 1984] .
No Convection Speed Echoes at UHF
[35] It is striking that at both HF and VHF there are convection speed echoes for which V ph % k Á V d but no UHF echoes have this property. Instead, at UHF the lower velocity echoes usually have a phase velocity which varies more (sometimes much more) rapidly, until it reaches approximately C s , beyond which (i.e., for directions more nearly parallel to the E Â B direction) it remains essentially constant [Tsunoda, 1976; Moorcroft and Tsunoda, 1978] .
[36] This property presents a conceptual problem which is evident from Figure 1f , namely, when the phase velocity reaches a value of C s0 , k Á V d is always less than C s0 . This goes against what has been said about type 1 echoes, that the line-of-sight flow speed should always exceed C s ! C s0 . Hall and Moorcroft [1988] concluded that this behavior was a consequence of fluctuations in the flow direction at scales less than the radar's spatial resolution. However, if that is the explanation, why has similar behavior not been observed at lower frequencies, since most lower-frequency radars have beam widths and/or range resolutions which are, if anything, larger than those of the Homer radar used in the study by Hall and Moorcroft? [37] Setting that problem aside, the evidence that the flow angle variation with flow velocity is more rapid at higher frequencies (section 2.5) indicates some real plasma physical process is at work. The most obvious difference at these UHF frequencies/wavelengths is the increasing importance of kinetic effects. It is most likely that plasma wave energy is redistributed to large flow angles via some form of mode coupling St.-Maurice, 1993a, 1993b] . Kinetic effects introduce dispersion which will affect that coupling, and might conceivably be responsible for the observed change in the relationship between the line-of-sight component of the E Â B drift and the Doppler velocity. Of course, this implies that mode-coupling can explain the convection speed behavior at lower frequencies which has not yet been demonstrated.
Type 3 Echoes Exist Only at VHF
[38] Although a good number of attempts have been made to explain type 3 echoes, only a few suggestions remain under consideration. Some involve effects of electron density gradients in one way or another [Haldoupis et al., 1995b] , whether associated with sporadic E [Haldoupis et al., 1992] or with auroral arcs [St. Maurice at al., 1994] . These proposals are not without their difficulties [Haldoupis et al., 1995b] .
SIA
[39] Another possible explanation comes from the threewave coupling study of Sahr and Farley [1995] , which showed a preference for coupling to waves with type 3-like phase velocities, although it is difficult to understand how strong echoes like type 3s could result from a coupling process into normally stable wave vector directions.
[40] From the perspective of the present study, the fact that type 3 echoes have been identified only at VHF presents additional difficulties for these proposals. Gradient effects would be expected to become less important at high frequencies, in agreement with the observed absence of type 3 echoes at UHF, but they would become increasingly important at HF, yet no type 3 echoes seem to be observed at those frequencies [Milan and Lester, 2001] . Similarly, it is conceivable that the three-wave coupling mechanism might be suppressed by kinetic effects at UHF, but there is no evident reason why such coupling should not work at HF. The fact that these echoes seem to be confined to the VHF range provides yet another condition which a satisfactory mechanism for type 3 echoes must account for.
Type 4 Echoes Occur Only at VHF
[41] In section 2.4, I mentioned four proposed mechanisms for type 4 echoes, and argued there against the first of these (C s elevated by heating). The thermal feedback modification proposed by St.-Maurice and Kissack [2000] specifically assumed low frequency (long wavelength) waves, so it might not be effective at UHF wavelengths and hence might provide an explanation of why type 4 echoes are observed at VHF but not UHF. But if this mechanism were effective at VHF it ought to be apparent in the VHF velocity distributions; in fact, Eglitis et al. [1995] report velocity distributions for SABRE (140 MHz) which are very similar to those found by Hall and Moorcroft [1988] at UHF.
[42] Haldoupis et al. [1991] proposed a resonant coupling mechanism as a way of explaining the tendency for type 4 phase velocities to be preferentially clustered around 2C s , an observation supported by later work [Haldoupis et al., 1993] . They hypothesized that 3 waves (two type 1, one type 4) with approximately equal wave vectors and at angles separated by about 60°from each other would resonantly couple, feeding energy into the type 4 wave. Although Sahr and Farley [1995] have expressed reservations about this mechanism, they did not examine the mechanism explicitly. Still, the 3-wave coupling theory of Sahr and Farley appears to imply that the coefficient coupling energy into the type 4 mode will be smaller, not larger, than average, in which case there would be no resonance selecting that particular combination of wave vectors.
[43] The explanation based on unfavorable density gradients [St.-Maurice et al., 1994] is consistent with the observed absence of type 4 echoes at UHF, and also requires conditions which are, indeed, quite rare. The seeming absence of type 4 echoes at HF remains a problem for a density gradient explanation. The answer to that problem may lie in the great importance of convective effects at HF wavelengths (J. Drexler et al., New insights from a nonlocal generalization of the Farley-Buneman instability problem at high latitudes, submitted to Annales Geophysicae, 2001). However, this mechanism cannot account for phase velocities clustered around 2C s (the thermal feedback explanation has the same problem).
[44] The observation that phase velocities are clustered around 2C s is a problematic one, since not all observations of type 4 echoes show such a steady Doppler speed [e.g., Fejer et al., 1986] . If some sort of resonance is the real explanation of type 4 echoes, then how are these ''nonresonant'' observations to be accounted for? On the other hand, if the explanation does not involve resonance, then how can the 2C s observations of Haldoupis et al. [1993] be explained? Three possibilities come to mind: (1) all type 4 echoes are at 2C s , but appear to be different because of experimental/observational complications; (2) there are two different classes of type 4 echoes, one resonant, the other not; (3) the observations of resonant type 4 echoes Haldoupis et al. [1993] may be only apparent, simply coming from particularly stable occurrences of type 4 echoes.
[45] At present type 4 echoes remain without a satisfactory explanation. Personally I am inclined toward the unfavorable density gradient explanation, on the grounds that the difficulties with that explanation appear to be the most tractable, but whether or not that is correct remains to be seen.
Large Aspect Angle Echoes Exist at Both VHF and UHF
[46] One of the interesting properties of large aspect angle echoes (i.e., the ''conventional'' large aspect angle echoes as defined in this paper) is that they satisfy the condition V ph % ak Á V d , with a % 0.5. This property contrasts with that of convection speed echoes, for which a % 1.0, and with UHF echoes at small velocities, for which a ! 1.0. If dispersion due to kinetic effects accounts for the difference between convection speed and UHF echoes, as speculated in section 3.4, perhaps dispersion might also be responsible for the behavior of large aspect angle echoes. Since these echoes are seen at both VHF and UHF, kinetic effects will not do, but there is a great deal of dispersion with magnetic aspect angle, largely independent of plasma wavelength, which might be able to account for the V ph % 0.5k Á V d relationship.
Conclusion
[47] In this paper I have surveyed the spectral characteristics of radar aurora from a wide range of frequencies, and considered the implications of the changes in those characteristics with frequency. That has lead to a variety of tentative conclusions, suggestions, and unanswered questions which I will summarize in point form:
1. After a careful study of the evidence, it is my opinion that at VHF (50 MHz) the only true large aspect angle observations have characteristics which are the same as those at UHF. The evidence for this view is indirect and by no means unequivocal; it amounts to choosing the more likely of two somewhat unlikely possibilities: (1) Echoes at large aspect angle have the same characteristics as at small aspect angle, in spite of the different physics which must apply, or (2) in the polar cap and auroral zone, electron densities during disturbed conditions are sufficiently high to refract or reflect to small aspect angle even rays with very large geometric aspect angles. This issue might be clarified with new simultaneous and coincident 50 MHz backscatter and electron density measurements 2. Some (but not all) observations of ion-acoustic echoes at HF seem to deny the expected effects of density gradients; at present the only candidate explanation comes from a new nonlinear theory [St.-Maurice and Hamza, 2001] .
3. It has been proposed that narrower HF spectra arise from differences in spectral shape [Eglitis et al., 1995] , but recent observations of spectral shape at VHF and UHF suggest that the explanation is more likely to be in terms of differences of growth and loss rates. The spectral shape observations themselves appear to be inconsistent with the predictions of existing theories.
4. The broadest spectra of all are observed at VHF, for reasons which are unclear. Does this observation conceal some important physics, or is it an instrumental effect? Perhaps this calls for some theoretical ideas to guide new observations and/or new experimental studies.
5. Sub-ion-acoustic UHF echoes vary increasingly more rapidly with flow angle as the frequency increases. There is at present no explanation for this behavior. Could kinetic modifications to mode coupling provide a possible answer? These observations also imply some sort of logical contradiction with observations at lower frequencies. Theoretical help seems to be needed here.
6. Type 3 echoes apparently exist only at VHF frequencies. Current proposals to explain these echoes, none completely satisfactory in other respects, cannot account for this restriction to VHF. There is a need for new theoretical ideas here. A careful study of both new and old observations may also be called for.
7. Type 4 echoes are another seemingly exclusive VHF echo type. None of the proposed explanations are without difficulties. It appears to me that the unfavorable density gradient explanation of St.-Maurice et al. [1994] may be the most easily fixed up, but that remains to be seen.
8. Most features of large aspect angle echoes remain unexplained, including, in particular, the dependence of the phase velocity on the line-of-sight convection speed. Perhaps this behavior is tied in some way to the dispersion associated with large aspect angle mode coupling. This remains a fruitful if difficult ground for theoreticians.
